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Abstract The different background components in a low-Earth orbit have
been modeled in the 10 keV to 100 GeV energy range. The model is based on
data from previous instruments and it considers both primary and secondary
particles, charged particles, neutrons and photons. The necessary corrections
to consider the geomagnetic cutoff are applied to calculate the flux at different
inclinations and altitudes for a mean solar activity. Activation simulations from
such a background have been carried out using the model of a possible future
gamma-ray mission (e-ASTROGAM). The event rates and spectra from these
simulations were then compared to those from the isotopes created by the
particles present in the South Atlantic Anomaly (SAA). The primary protons
are found to be the main contributor of the activation, while the contributions
of the neutrons, and that of the secondary protons can be considered negligible.
The long-term activation from the passage through the SAA becomes the main
source of background at high inclination (iÁ 10˝). The used models have been
collected in a Python class openly available on github.
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1 Introduction
Conventionally, Low-Earth Orbits (LEOs) have a maximum altitude of „ 2000
km, with a „ 300 km lower limit given by the rapid orbital decay caused by
the atmospheric drag. The inner Van Allen radiation belt (van Allen (1958)),
with a high level of trapped radiation, extends beyond „ 1000 km. Satel-
lites positioned at lower altitudes benefit, at low geomagnetic latitudes, of the
shielding of the Earth’s magnetic field, blocking a large part of the charged
particles coming from the interplanetary medium.
As a drawback, all LEOs are subject to the drag caused by the remaining at-
mosphere and to the background from albedo and secondary particles created
in the atmosphere.
Focusing on the characteristics of a gamma-ray mission in a low incli-
nation orbit, a model for each component of the background in the 10 keV
to 100 GeV energy range will be described in section 2. The South Atlantic
Anomaly (SAA), the area in which the inner Van Allen belt comes closer to
Earth, will be illustrated in section 3, simulating the particle spectrum along
a typical orbit at an altitude of 550 km. The computed spectra will be used in
section 4 to simulate the activation of a possible future gamma-ray satellite,
e-ASTROGAM, in order to estimate the contribution of the different com-
ponents to the overall background and the importance of the radioisotopes
created during the passage of the SAA for different inclinations. Conclusions
are given in section 5.
2 Background models
The LEO background spectrum depends mainly on the orbit altitude and in-
clination as well as the current solar activity.
In the following, where not differently specified, an altitude h “ 550 km, incli-
nation of the orbit i “ 0˝, and a solar modulation potential value of 650 MV,
corresponding to an activity halfway between minimum and maximum, will
be used. The magnetic latitude is approximated to be equal, on average, to
the inclination of the orbit.
Some of the parameters that are used to calculate more than one component
are computed in the following way:
– Horizon angle (in degree): defined as the angle between the zenith and the
top of the atmosphere (HA “ 40 km from sea level) at the satellite altitude
h:
θH “ 90˝ ` arccos RC `HA
RC ` h (1)
where RC is the Earth’s radius. The horizon angle for a 550 km equatorial
orbit is equal to 112˝.
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Fig. 1 Variation of the average geomagnetic cutoff Rcutoff with altitude for constant
latitude (0˝, red dashed line), and latitude for constant altitude (550 km, blue straight
line).
– Average geomagnetic cutoff (in GV): is calculated as in Smart and Shea
(2005):
Rcutoff “ Md ¨ cos
4 λ
r2
¨ 1p1`a1´ sin  sin ξ cos3 λq2 (2)
where Md is the magnitude of Earth’s dipole moment, λ is the latitude
from the magnetic equator,  is the angle from the zenith direction, ξ is
the azimuthal angle measured clockwise from the direction to the north
magnetic pole and r is the distance from the dipole center. r can be ex-
pressed as RC`h. Since we are computing the omnidirectional flux, ξ can
be set to zero. Md can be calculated by multiplying the g
0
1 term of the
International Geomagnetic Reference Field (IGRF) by the cube of the av-
erage radius of the Earth. The value from the IGRF-121 for the year 2015
1 https://www.ngdc.noaa.gov/IAGA/vmod/igrf.html
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(g01 “ 29442.0 nT) has been used2. Equation 2 can then be simplified to:
Rcutoff “ g
0
1 ¨RC
4
¨
ˆ
1` h
RC
˙´2
cos4 λ
“ 11.9 GV ¨ g
0
1
29442.0 nT
¨
ˆ
RC ` 550 km
RC ` h
˙2
cos4 λ
(3)
As shown in Fig. 1, the average geomagnetic cutoff varies more steeply
with geomagnetic latitude than altitude.
In the following, the results of all the flux equations will be expressed as counts
keV´1 cm´2 s´1 sr´1. All the models of the different components described in
the following have been collected in a Python class in an open github reposi-
tory3.
2.1 Extragalactic Photons
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Fig. 2 Total extragalactic photons flux as modeled by INTEGRAL-IBIS/ISGRI, at low
energies, and FERMI-LAT, at high energy.
The isotropic extragalactic X and gamma-ray emission is both a significant
component of the background for observation far from the Galactic plane, and
2 It must be noted that this value changes slowly, 0.5% in the last 10 years, but constantly
due to the evolution of Earth’s magnetic field
3 https://github.com/pcumani/LEOBackground
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an important science topic, especially in the MeV energy range (see, e.g., De
Angelis et al (2018)).
The spectra shown in Fig. 2 are obtained using:
– E ă 890 keV: From an extrapolation of the equation in Tu¨rler et al (2010),
describing data of the IBIS/ISGRI gamma-ray imager instrument of IN-
TEGRAL (Winkler et al (2003)):
F “ 0.109pE{28 keVq1.4 ` pE{28 keVq2.88 (4)
– E ě 890 keV: Using the Fermi-LAT (Atwood et al (2009)) results of the
fit for the so-called foreground model A from Ackermann et al (2015) and
extrapolating it to lower energies from E ě 100 MeV:
F “ I100
ˆ
E
100 MeV
˙´γ
exp
´E
Ecut
“ 0.95 ¨ 10´10
ˆ
E
100 MeV
˙´2.32
exp
ˆ ´E
279 ¨ 103 MeV
˙ (5)
The extrapolated Fermi-LAT data are in good agreement with EGRET
data (Sreekumar et al (1998), see equation 18 from Mizuno et al (2004)).
2.2 Galactic plane
It’s useful, especially at high energy, to study separately the gamma-ray back-
ground for observations of the Galactic plane region. Such background extends
up to the highest considered energies and, starting from „ 200 MeV, is more
than an order of magnitude larger than the isotropic background previously
described.
It’s worth noting that the signal-to-noise ratio is directly related to the per-
formance of the instruments. Thanks to a higher angular resolution, new in-
struments could be able to discriminate several point sources in previously
confused areas, either Galactic or not.
Currently, the most sensitive gamma-ray experiment in the considered energy
range is the Fermi-LAT. The Pass 8 interstellar emission model4 was used to
obtain the results shown in Fig 3. For each one of the 30 energies provided,
starting from „ 58 MeV, two regions has been defined as shown in Fig. 4:
– Galactic center: the most inner part of the Galaxy, defined by the coordi-
nate ´1˝ ă b ă 1˝, ´2.5˝ ă l ă 2.5˝.
– Galactic disk: a region defined as ´2˝ ă b ă 2˝, ´90˝ ă l ă 90˝, excluding
the ´2.5˝ ă l ă 2.5˝ area around the Galactic center.
The average flux in these two regions was computed at each energy. The ratio
between the two regions varies between a factor of 2.4 to 3.4, increasing with
energy, as shown at the bottom of Fig. 3.
4 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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Fig. 3 Extragalactic photon spectrum compared with the background spectrum from the
Galactic center and the Galactic disk (top), and the ratio between these last two (bottom).
2.3 Albedo Photons
Albedo photons are created by the Earth atmosphere, as a result of the in-
teraction of cosmic rays or the reflection of the cosmic X-ray background. To
model the zenith dependence of the spectrum, following the approach used
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Fig. 4 The two regions defined as Galactic center (in red) and Galactic disk (in green) in
the text, superimposed on the publicly available Fermi-LAT background at 58 MeV. The
inset shows a zoom on the Galactic center region
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Fig. 5 Total albedo photons spectrum divided by the solid angle of the atmosphere („ 4 sr
at 550 km). The different models composing it are also showed (see text).
by Mizuno et al (2004), an angular distribution peaking at the top of the
atmosphere („ 112˝ at 550 km), to reproduce the limb-brightening observed
in experimental data (see, e.g., Ackermann et al (2014)), was used. The flux
gradually decreases at higher angles reaching 50% of its peak value at „ 130˝
(for an altitude of 550 km) and a minimum, one third of the maximum, at the
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nadir.
The results shown in Fig. 5 are obtained using:
– E ă 1.85 MeV: The sum of two components, both used in the analysis
of INTEGRAL observations of the Earth, resulting in a good agreement
between data and prediction:
• To describe the hard X-ray surface brightness of the Earth’s atmosphere
we used the output of equation 1 from Sazonov et al (2007):
F “ CpE{44 keVq´5 ` pE{44 keVq1.4 (6)
where C is:
C “ 3µp1` µq
5pi
¨ 1.47 ¨ 0.0178rpφ{2.8q
0.4 ` pφ{2.8q1.5s´1a
1` tRcutoff {r1.3φ0.25p1` 2.5φ0.4qsu2 (7)
where µ “ cosp180´ θHq is the cosine of the zenith angle and φ is the
solar modulation potential in GV.
• the reflected X-ray background F “ F0 ¨ Ω ¨ ApEq, where ApEq is cal-
culated with equation 9 in Churazov et al (2006):
ApEq “ 1.22`
E
28.5
˘´2.54 ` ` E51.3˘1.57 ´ 0.37
¨ 2.93`
`
E
3.08
˘4
1` ` E3.08˘4
¨ 0.123`
`
E
91.83
˘3.44
1` ` E91.83˘3.44
(8)
being E the energy in keV, and F0 with equation 4 from section 2.1.
– 1.85 MeV ă E ă 200 MeV: from SAS 2 data (Thompson et al (1981)) as
described in Mizuno et al (2004):
• E ă 20 MeV:
F “ 1010
107
¨
ˆ
E
1MeV
˙´1.34
¨
ˆ
Rcutoff
4.5 GV
˙´1.13
(9)
• 20 MeV ă E ă 200 MeV:
F “ 7290
107
¨
ˆ
E
1 MeV
˙´2
¨
ˆ
Rcutoff
4.5 GV
˙´1.13
(10)
– E ą 200 MeV: The high energy component is taken from Fermi-LAT data
(Abdo et al (2009b)):
F “ 1.823 ¨ 10´8 ¨
ˆ
E
200MeV
˙´2.8
(11)
The INTEGRAL and Fermi-LAT data are normalized to the results of equa-
tions 9 and 10 at, respectively, 1.85 and 200 MeV, to take into account the
effect of the geomagnetic cutoff.
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2.4 Primary Protons
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Fig. 6 Spectrum of the primary charged particles: protons, alphas, electrons, and positrons.
Cosmic rays consist mainly of protons, a lot of which are trapped by the
geomagnetic field and never reach LEO. AMS data (Aguilar et al (2015b)) for
the unmodulated proton spectrum have been used, together with the reduction
factor from the geomagnetic cutoff described in Mizuno et al (2004), to model
the component:
F “ Fp,AMS ¨ 1
1` pR{Rcutoff q´12 (12)
where R is the proton rigidity and Rcutoff is defined in equation 3. Results
are shown in Fig. 6.
While results obtained by tools like ESA’s SPace ENVironment Information
System (SPENVIS5) are more realistic, by considering, e.g., the variation of
Rcutoff along the orbit, the approach described by eq. 12 was chosen for con-
sistency with the approach used to calculate the primary electrons/positrons
spectra (that can not be calculated using SPENVIS), and to allow the use of
a single tool to calculate all the background components for different LEOs.
A comparison with the results from SPENVIS for an equatorial orbit at 550
km is shown in Fig. 7. The results are shown only in the energy range pro-
vided by SPENVIS (1 MeV{n ă E ă 100 GeV{n) and are calculated using
5 https://www.spenvis.oma.be/
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Fig. 7 Ratio between the model presented here and the results by SPENVIS, obtained
using different models for the galactic cosmic rays (CREME96 and ISO 15390) in different
solar activity condition (minimum and maximum) and two different methods for computing
the rigidity cut-off (Størmer with eccentric dipole model, the default option, and Smart and
Shea (1967) with the IGRF model, the latter of which was used only with the CREME96
model).
the two available cosmic-ray models: CREME96 for a solar minimum and ISO
15390 for both minimum and maximum solar activity. When using the default
description of the geomagnetic field, the differential spectrum is null for 1
MeVă E À 7GeV in case of protons, and 1 MeV{n ă E À 3GeV{n for the al-
pha particles. Differences up to a factor of 2 are visible around the value of the
geomagnetic cutoff. By changing the method used by SPENVIS to compute
the rigidity cut-off6 the ratio with the presented model reaches a maximum
factor of 1.5 at the energy of the cutoff. For energies higher than the cutoff
SPENVIS predicts a higher flux. It should be noted that such differences have
little effect on the detector activation due to the creation of unstable isotopes,
which is dominated by the higher part of the spectrum.
2.5 Primary Alpha Particles
A similar approach as the one used for the protons has been used also for
the primary alpha particles. The unmodulated spectrum was derived from
AMS data (Aguilar et al (2015a)), to which the reduction factor from the
6 https://www.spenvis.oma.be/help/models/magshielding.html
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geomagnetic cutoff was lately applied:
F “ Fα,AMS ¨ 1
1` pR{Rcutoff q´12 (13)
where R is the particle rigidity and Rcutoff is defined in equation 3.
Again, as per the primary protons, while the SPENVIS results are more real-
istic, the described approach was followed for consistency. As per the protons,
and with similar results, a comparison with the results from SPENVIS for an
equatorial orbit at 550 km is shown in Fig. 7.
2.6 Primary Electrons
Consistently with what has been done for the protons and alpha particles,
the primary spectrum from AMS data (Aguilar et al (2014)) is used, with the
subsequent application of the geomagnetic cutoff modulations:
F “ Fe,AMS ¨ 1
1` pR{Rcutoff q´6 (14)
Although the geomagnetic cutoff is expected to be the same regardless of
the particle type, a reduction factor of the form 1{1 ` pR{Rcutoff q´n, with
n “ 6, gives a better description of the AMS-01 (Alcaraz et al (2000a)) data
for electrons and positrons than with n “ 12 (see Mizuno et al (2004)). The
resulting flux is shown in Fig. 6.
2.7 Primary Positrons
Exactly like for the primary electrons, a combination of AMS data (Aguilar
et al (2014)) and the subsequent application of the same geomagnetic reduction
factor with n “ 6 (eq. 14), were used. The results are shown in Fig. 6.
2.8 Secondary Protons
When cosmic rays interact with the atmosphere’s particles, they produce sec-
ondary particles. The secondary protons, shown in Fig. 8, are computed fol-
lowing Mizuno et al (2004), based on AMS-01 data (Alcaraz et al (2000b)):
– 1 MeV ă E ă 100 MeV: Equation 9 of Mizuno et al (2004)
F “ 0.136
107
¨
ˆ
E
100 MeV
˙´1
(15)
is extrapolated down to 1 MeV. Below 1 MeV there is no probability for a
proton of creating an unstable isotope which decay could add to the total
background.
12 P. Cumani et al.
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Fig. 8 Spectra of on-orbit secondary protons describing both the upward and downward
component for two different geomagnetic cutoffs: Rcutoff “ 11.9 GV (the one, e.g. for a 550
km equatorial orbit) and Rcutoff “ 11.2 GV (e.g., for a 550 km orbit at an inclination of
10˝).
– E ą 100 MeV:
F “ 0.123
107
¨
ˆ
E
1000 MeV
˙´0.155
exp´
ˆ
E
510 MeV
˙´0.845
(16)
Mizuno et al (2004) model the secondary proton flux at the altitude of AMS-01
(380 km) as a function of the geomagnetic latitude λ. We assume that the ge-
omagnetic cutoff Rcutoff is a more relevant parameter to describe the particle
flux for different altitudes and inclinations. Equations 15 and 16 describe both
the upward and downward fluxes of the secondary protons in high geomagnetic
cutoff regions (Rcutoff Á 11.5 GV). At lower cutoff values, down to „ 10.4
GV, the spectra of the downward and upward components take the shape of
a broken power-law at energies greater than 100 MeV (Mizuno et al (2004)):
– 100 MeV ă E ă 600 MeV:
F “ 0.1
107
ˆ
E
100 MeV
˙´0.87
(17)
– E ě 600 MeV:
F “ 0.1
107
ˆ
600
100
˙´0.87ˆ
E
600 MeV
˙´2.53
(18)
The two components assume different shapes at lower cutoff values (see Mizuno
et al (2004)).
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2.9 Secondary Electrons and Positrons
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Fig. 9 Secondary electrons and positrons spectra.
The spectra of the secondary electrons and positrons, shown in Fig. 9, are
based on data from AMS-01 (Alcaraz et al (2000a)), modeled as in Mizuno
et al (2004), extrapolating their equations to 1 MeV. For the electrons the
equations are:
– 1 MeV ă E ă 100 MeV:
F “ 0.3
107
¨
ˆ
E
100 MeV
˙´1
(19)
– 100 MeV ă E ă 3 GeV:
F “ 0.3
107
¨
ˆ
E
100 MeV
˙´2.2
(20)
– E ą 3 GeV
F “ 0.3
107
¨
ˆ
E
100 MeV
˙´2.2ˆ
E
3 GeV
˙´4
(21)
For the positrons the same equations are multiplied by a factor 3.33 from the
e`{e´ ratio in equatorial orbit. As per the secondary protons, the spectra of
the secondary electrons and positrons depends on the geomagnetic cutoff. In
particular, the equations above are valid down to a cutoff value of „ 10.4 GV,
corresponding to an inclination of „ 15˝ at an altitude of 550 km.
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2.10 Atmospheric Neutrons
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Fig. 10 On-orbit spectrum (out of the atmosphere) of the cosmic-ray induced atmospheric
neutrons.
When interacting with the atmosphere, galactic cosmic-rays can create
hadronic showers. Neutrons created in such showers can reach instrument on
LEOs.
As reported in Kole et al (2015), since the downward component tends to zero
at high altitudes, the on-orbit atmospheric neutrons spectrum is calculated
following the description of only the upward component.
The flux can be described by a power-law F “ xi ¨ E´yi ¨ 10´3 with four
different normalization and exponents in four different energy intervals (Kole
et al (2015)). The equations describing xi and yi depend on the geomagnetic
latitude λ and the solar activity parameter S “ pφ ´ 250 MVq{p859 MVq,
where φ is the solar modulation potential (S “ 0.47 for φ “ 650 MV). These
equations are:
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– E ă 0.9 MeV:
a “ 3 ¨ 10´4 ` p7´ 5 ¨ Sq ¨ 10´3r1´ tanhp180´ 4 ¨ λqs
b “ 1.4 ¨ 10´2 ` p1.4´ 0.9 ¨ Sq ¨ 10´1r1´ tanhp180´ 3.5 ¨ λqs
c “ 180´ 42 ¨ r1´ tanhp180´ 5.5 ¨ λqs
d “ ´8 ¨ 10´3 ` p6´ Sq ¨ 10´3r1´ tanhp180´ 4.4 ¨ λqs
x1 “ pa ¨ p` bqe´p{c ` d
y1 “ ´0.29e´p{7.5 ` 0.735
(22)
– 0.9 MeV ă E ă 15 MeV:
x2 “ x1 ¨ 0.9´y1`y2
y2 “ ´0.247e´p{36.5 ` 1.4
(23)
– 15 MeV ă E ă 70 MeV:
x3 “ x2 ¨ 15´y2`y3
y3 “ ´0.4e´p{40 ` 0.9
(24)
– E ą 70 MeV:
x4 “ x3 ¨ 70´y3`y4
y4 “ ´0.46e´p{100 ` 2.53
(25)
The results are shown in Fig. 10. As shown in Kole et al (2015), this model is
found to be in good agreement with data from high altitude aircraft, balloon-
borne experiments and previously published simulations.
The model developed by Kole et al (2015) is valid down to 8 keV. The spec-
trum at the top of the atmosphere from Lingenfelter (1963), scaled to the Kole
et al (2015) results, was used to describe the spectrum between 0.01 eV and
8 keV. The Lingenfelter (1963) results outside the atmosphere for energies
lower than 1 MeV are compatible with the calculations in Armstrong et al
(1973), which in turns are compatible with the results in Kole et al (2015).
To compute the result shown in Fig. 10, the result of the previously described
equations has been divided by Ω “ 4pi ´ 2pip1 ´ cosθHq “ 2pip1 ` cosθHq to
get a flux per unit steradian.
2.11 Total Spectrum
A collection of all the results for a 550 km equatorial orbit is shown in Fig. 11.
Up to „ 100 keV, the dominant component of the photon background spec-
trum is represented by photons of extragalactic origins, subsequently overtaken
by gamma rays generated in the atmosphere. Depending on the line of sight,
the main component of the background can become the Galactic center, start-
ing from „ 400 keV, or the Galactic disk, starting from 1 GeV, with the albedo
16 P. Cumani et al.
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Fig. 11 Full on-orbit background spectrum for charged particles and neutrons (top) and
photons (bottom). All spectra components shown are divided by the solid angle of their
region of origin. The pointing and field-of-view of an hypothetical instrument are therefore
not considered
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Fig. 12 Ratio between fluxes obtained for different orbits: at the variation of the altitude,
from 550 km to 600 km (top) or inclination, from 0˝ to 10˝ (bottom).
photons being still a non negligible component up to the highest energy.
Given the big uncertainty due to a lack of data and the variation due to the
solar modulation, for energies lower than 1 MeV only the neutron component
is calculated. Secondary charged particles, positrons first and protons later,
give the highest contribution up to „ 6 GeV, where they are surpassed by
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the primary protons. While most of the particles interaction with the satellite
should be rejected by an anticoincidence system (99.97% in the case of Fermi
Atwood et al (2009)), some of them could interact with part of the detector
and create long living isotopes which decay could resemble a Compton event.
A study on the background activation, using the spectrum of Fig. 11, is pre-
sented in the next section.
At the change of either altitude or orbit inclination, both shown in Fig. 12,
the spectra of some of the components remain unchanged. The photons back-
ground, either Galactic or extra-Galactic, does not change in any way with
the orbit, regardless of the model used. The spectra of secondary charged par-
ticles (protons, electrons, and positrons), as modeled here, depends solely on
the geomagnetic cutoff which, as demonstrated before, varies more with the
inclination than with the altitude (see Fig.2). For a small change of altitude no
changes are seen in any of the secondary components. The secondary protons
spectra however change its shape at higher inclination leading to a decrease
in the spectrum up to a factor ą 2 from „300 MeV up to „ 4 GeV, with a
subsequent rapid increase. For such a change in inclination (0˝ to 10˝), the
secondary electrons and positrons spectra remain unchanged. The albedo pho-
tons spectrum as shown in Fig. 5 and 11 changes both with the inclination
and the altitude of the orbit. The variation is due to the dependence on the
geomagnetic cutoff and, at low energies, a more complicated dependence on
the Earth viewing angle. A difference of 10% or less is found when changing
to 600 km maintaining the same inclination, or to 10˝ keeping the altitude
constant. Up to 200 keV, in the energy range dominated by the reflected ex-
tragalactic X-ray background, dependent only on the Earth viewing angle, a
different trend with up to 7% reduction at increasing altitude can be observed.
On LEOs, the atmospheric neutrons spectrum is more dependent on the in-
clination than on the altitude. It changes by „ 17% at the variation of the
inclination, and less than 10% when changing altitude.
All primary charged particles spectra are dependent on both altitude and
inclination of the orbit through their dependence on the geomagnetic cutoff
Rcutoff . The differences in the spectra thus appear at energies lower than the
cutoff, quickly disappearing at the highest energy. For protons and alpha par-
ticles, the spectrum of which is modulated by a factor R´12cutoff , this difference
can reach a factor of 2 increasing the inclination or 20% while changing the
altitude. Electrons and positrons spectra are more loosely dependent on the
geomagnetic cutoff, only by a factor R´6cutoff , leading to a maximum difference
of a factor „ 1.4. However these differences appear in an energy range where
the particle fluxes are strongly reduced by the geomagnetic modulation, mak-
ing them not important in the background calculation. The validity limits of
the model for the different components of the background are presented in
Tab. 1.
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Orbit Parameters Energy
Extragalactic Photons Independent 4 keV - 820 GeV
Galactic Photons Independent 58 MeV - „ 513 GeV
Albedo Photons All LEOs 1 keV - 400 GeV
Primary Protons All LEOs 10 MeV - 10 TeV
Primary Alphas All LEOs 10 MeV - 10 TeV
Primary Electrons/Positrons All LEOs 570 MeV - 429 GeV
Secondary Protons 1.06 ď Rcutoff ď 12.47 1 MeV - 10 GeV
Secondary Electrons/Positrons 1.06 ď Rcutoff ď 12.47 1 MeV - 20 GeV
Atmospheric Neutrons
Altitude: „ 100 km - „ 1000 km
0.01 eV - „ 30 GeV
Inclination: ă 65˝
Table 1 Validity limits of the different components of the background.
3 South Atlantic Anomaly
The South Atlantic Anomaly (SAA) is the region where the inner Van Allen
radiation belt comes closest to the Earth surface. Satellites passing through
this area are subject to intense radiation, caused mainly by protons and elec-
trons. Scientific observations are usually stopped while passing through the
SAA, although some diagnostic data can still be recorded (see e.g. Abdo et al
(2009a)). It is possible for protons, interacting with the satellite, to create
short and long lived radioisotopes, which would decay after resuming obser-
vation, adding to the total background. To simulate the creation and decay
of such isotopes, the first step is to estimate the SAA spectrum along a given
orbit.
The AE9/AP9-IRENE (Ginet et al (2013)) models (version 1.5, O’Brien et al
(2018)) have been used to simulate the SAA passage at an altitude of 550
km and along differently inclined (0˝, 1˝, 2˝, 3˝, 4˝, 5˝, 10˝) orbits. The model
allowed to compute the mean, omnidirectional, flux along the orbit with a 10
s time step. The results for a total simulated time of 1 month („ 455 orbits at
550 km) are shown in Fig. 13, together with a ratio of the values at different
inclinations. The average flux increases with the orbit inclination, in a similar
way for both electrons and protons. The difference with respect to the equato-
rial orbit reaches a factor of more than 6 for an inclination of 10˝, and about
an order of magnitude for i “ 15˝. At greater inclinations, a greater difference
between the low (ă 10 MeV) and high energy part of the proton spectrum can
also be noted.
With an increase of altitude the flux increases, more at lower orbit inclinations
than at higher ones, as shown in Fig. 14. To an increase in altitude of 50 km,
it corresponds an increment of the flux between a factor of „ 2 and „ 3 for
inclinations lower than 5˝.
A low inclination and low altitude orbit ensures the lowest possible flux dur-
ing the passage through the SAA. A perfectly equatorial orbit would grant the
best conditions, but little changes are observed for inclination smaller than 3˝.
To this kind of orbit corresponds also the smallest average time passed by the
satellite inside the SAA. For a 550 km equatorial orbit, considering particles
with E ą 0.1 MeV, the time corresponds to around 18% of the orbit period
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Fig. 13 Top: Average particle flux experienced in one month by a satellite passing through
the South Atlantic Anomaly, as calculated by the AE9/AP9-IRENE model. Bottom: Ratio
of the spectrum as calculated for different inclinations with respect to the spectrum on an
equatorial orbit (i “ 0˝)
(95 minutes at 550 km). An increase larger than 20% is seen for a 600 km
orbit, while differences up to 20% are observed with varying inclinations.
4 Activation Simulations
The obtained spectra can be used as input to simulate the detector activa-
tion due to hadron interactions (Zoglauer et al (2008); Dyer et al (1989); Bat-
tersby et al (1993)). The simulations were performed using the Medium Energy
Background for a gamma-ray satellite on a low-Earth orbit 21
10 1 100 101 102 103
Energy / MeV
100
101
Ra
tio
 F
60
0k
m
 / 
F 5
50
km
Electrons
Protons
i= 0
i= 2
i= 5
i= 10
i= 15
Fig. 14 Ratio of the trapped particles flux at different altitudes calculated for different orbit
inclinations. Similarly to Fig. 13, the different extensions of the spectra at higher energies
create a sharp increase in the ratio. It should be noted that at these energies the fluxes are
already negligible.
Gamma-ray Astronomy library (MEGAlib) toolkit (Zoglauer et al (2006)).
They are divided in three steps:
1. Simulation and storage of the isotopes generated by the passage of the
initial particle through the considered spacecraft or material.
2. Calculation of the activation radiation after a certain irradiation time. The
irradiation can either be constant during the whole time, or be followed by
a certain cool down time.
3. Simulation of the isotopes decay after the irradiation.
The spacecraft used in the simulation is a mass model of the gamma-ray mis-
sion proposal e-ASTROGAM (De Angelis et al (2017)).
Dedicated to the gamma-ray observation in the 300 keV to 3 GeV energy range,
the e-ASTROGAM instrument will consist of three main detectors: a tracker,
a calorimeter and an anticoincidence system. The tracker is foreseen to be com-
posed of 56 silicon layers supported on their side by a mechanical structure.
The calorimeter is composed by thallium activated cesium iodide crystals, read
out by silicon drift detectors. The anticoincidence, covering both the top and
the side of the instrument and used to veto the triggers from charged particles,
is made by plastic scintillator coupled to silicon photomultipliers. Thanks to
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Isotope T1{2
Activationi / Activationmax
VolumesGeneral SAA
Background 1 yr 1 orb.
11C 20 m 0.2 (0.6 sp) 1 0.8
Anticoincidence
Supports
Spacecraft
Electronics
Calorimeter Crystals
128I 25 m 1 0.9 0.4
126I 13 d 0.3 0.7 ă 0.1
132Cs 6.5 d 0.2 0.8 ă 0.1
134Cs 2.1 yr 0.5 0.3 ă 0.1
125I 59 d 0.2 0.5 ă 0.1
131Cs 9.7 d 0.1 0.5 ă 0.1
123I 13 h 0.1 0.5 ă 0.1
122I 3.6 m 0.1 0.1 0.1
126Cs 1.6 m ă 0.1 ă 0.1 0.1
25Al 7.2 s ă 0.1 (0.1 sp) ă 0.1 0.5
Spacecraft
Electronics
Tracker Wafers
Calorimeter Diodes
28Al 2.2 m 0.3 (0.4 n) ă 0.1 0.5
Calorimeter Diodes
Electronics
Tracker Wafers
15O 2 m 0.1 (0.3 sp) ă 0.1 1
Anticoincidence
Electronics
Supports
Table 2 List of the most relevant isotopes created by the particles passing through the
different sub-systems of the e-ASTROGAM satellite model. Results are given as relative to
the most active source of background, i.e. 128I for the general background, 11C for SAA-1
yr and 15O for the SAA short-term activation. The results are generally consistent for all
the components, some exception to this are observed for the atmospheric neutrons (n) and
secondary protons (sp).
this geometry, e-ASTROGAM will be able to reconstruct gamma-ray events
in both the Compton and pair regime.
4.1 Simulations
The simulated particles for the activation simulations were: primary and sec-
ondary protons, alpha particles, atmospheric neutrons, and protons trapped
in the SAA.
For the primary and secondary protons, as well as for the atmospheric neu-
trons and alpha particles, from which the irradiation can be considered steady
along a given orbit, a constant irradiation for 1 year was simulated. The spec-
trum used was the one described in sec. 2, supposing an equatorial orbit with
550 km of altitude.
In the case of the SAA protons, since with MEGAlib it is not yet possible to
simulate the variation of the spectrum at the passage of the satellite through
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the area, the average spectrum of a one month observation, shown in Fig. 13
was used. The short and long term activation were studied separately in the
case of the SAA. For the short term, the one affecting observation at every
orbit, just after the passage through the anomaly, simulations were carried out
for 10 minutes of constant irradiation with some cool down time (0, 1, 2, 5, 10
minutes). The cool down corresponds to a time after the end of the irradiation
during which the data taking has not yet started. Only 10 minutes of the total
passage through the SAA („ 19 minutes for a 550 km equatorial orbit) were
simulated, since the contribution of the isotopes created at earlier times is,
given the short lifetime, negligible. For the long term activation, simulations
were performed for a total of „ 72 days, equivalent to the cumulative passage
through the SAA in one year. A half a orbit cool down was then added to the
simulation in order to consider only the long-lived isotopes contribution.
Simulations were made for two different altitudes (550 and 600 km) and sev-
eral orbit inclinations (0˝, 1˝, 2˝, 3˝, 4˝, 5˝, 10˝, 15˝). Tab. 2 collects the most
abundant isotopes created by the passage of the particles inside the different
parts of the satellite.
4.2 Analysis: count rates
After the simulation, the data were analyzed in order to retrieve the number
of events erroneously tagged as gamma-ray, either in the Compton or pair
regime. The rate of the falsely reconstructed pair events is extremely low (ă 0.1
counts/s). This is mainly due to the low energy nature of the isotopes’ decay.
The total rate of decays of short-lived isotopes and the rate of the Comp-
ton reconstructed events related to the passage through the SAA are shown
in Fig. 15. Small changes are visible for orbits with inclinations smaller than
„ 5˝, with a ă 1.5 ratio between the results at 0˝ and 5˝ inclination. A more
than a factor of two increase is instead observed in the reconstructed events
at 10˝ and 15˝. The increase is consistent with the raise in the observed flux
shown in Fig. 13. As expected, by considering a non-zero cool down time, the
remaining events decreases following an exponential trend.
The rates increase with the altitude, as shown in Fig. 16, with a factor between
1.5 and 2.5, depending on the inclination of the orbit i. The rates increase with
the inclination of the orbit i, with almost constant results up to i „ 3˝, grad-
ually rising to a factor of 2 at 5˝, a factor of 5 at 5˝, and reaching an order of
magnitude difference for an inclination of 15˝. These changes do not depend
on the trigger choice. Either implementing a strict veto on the anticoincidence,
i.e. without using its segmentation but vetoing all the events with a signal in
any of the panel, or accepting all reconstructed events, the ratio remains con-
stant and the most favourable orbit is always a 550 km orbit with i À 4˝. The
change in the applied veto affects only the absolute number of reconstructed
events, with a „25% difference between the two mentioned cases. It does not
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Fig. 15 Analysis of the short-term activation caused by the passage of the SAA at 550,
considering different cool down times and orbit inclinations. For the same inclination and
cool down time, the two markers corresponds to the total number of events (squares) and
the number of events reconstructed as Compton events (circles).
influence the rates variation at different inclination or altitudes.
The rate of events reconstructed as Compton for the general background
is shown in Fig. 17, together with the results from one SAA passage without
cool down time, and its long-term activation after one year in orbit.
As shown in Fig. 12 (bottom panel), the flux of the secondary protons at
i “ 10˝ is significantly lower than that at i “ 0˝ for E ă 5 GeV. It only
increases at higher energies, leading to a total factor of 3 decrease in the event
rates at 10˝. Between 10˝ and 15˝, no changes in the secondary spectra are
observed. The atmospheric neutrons spectrum changes by only „ 20%, caus-
ing a „ 15% increase in the rates. Changing from i “ 0˝ to i “ 10˝, both the
primary protons and alpha particles spectra change by more than a factor of 2
for energies lower than the geomagnetic cutoff. This low energy increase does
not affect significantly the remaining counts, which change by only „ 10%.
Instead the SAA protons spectrum increases by a factor 2, at low energies, to
a factor of „ 7, for energies higher than 10 MeV, which, as previously shown,
leads to a factor of 5 difference in the short-term rates.
Up to an inclination of 10˝, the main contributor to the total activation is the
decay of the isotopes created by the primary protons, the secondary protons
contribution being an order of magnitude smaller than that. The counts from
the alpha particles passage are one third of the ones related to the primary
protons, while the atmospheric neutrons rates are negligible.
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Fig. 16 Analysis of the activation from short-lived isotopes caused by the passage of the
SAA at 550 km (circles) and 600 km (triangles), considering different cool down times and
orbit inclinations. The different cool down times are shown in different colors, as in Fig.
15. Top: Number of events reconstructed as Compton events. Center : Ratio of the values
obtained at the two altitudes. Bottom: Ratio with respect to the perfectly equatorial orbit.
The total SAA contribution, without considering any cool down time, can
be considered negligible for low inclinations (i ă 5˝), but it becomes more
important than the alpha particles contribution for i ě 10˝, and the main
contributor at 15˝. For i ě 10˝ it is necessary to consider some cool down
time for the activation rate from the trapped protons to become negligible.
Instead, for low inclination orbit, the short-term SAA activation contribution,
comparable to the one from the secondary protons, is always smaller than
the contribution of both the primary protons and alpha particles. The long-
term SAA activation contribution is higher than the short-term by a factor
„ 1.5´ 1.6 in the considered inclination range. The SAA is the main contrib-
utor to the background rates for high-inclination orbits, surpassing the rates
from the primary protons by a factor of 1.9.
4.3 Analysis: spectra
The spectra of the reconstructed Compton events with and without a recoil
electron track, from the activation simulations and from the extragalactic and
albedo photons along an orbit inclined by 0˝ and 15˝ are shown in Fig. 18.
A strict veto is used for both the side and top anticoincidence but no quality
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Fig. 17 Comparison of the results of the activation caused by the general on-orbit back-
ground and by the passage of the SAA, both from the short-lived isotopes, without consid-
ering any cool down time, and from the long-live ones. Results are shown for three different
orbit inclinations. All the results were calculated for an altitude of 550 km.
cuts are applied to the reconstructed events.
The albedo and extragalactic photons are the main components of the back-
ground until„ 400 keV, afterward passed by the primary protons until„ 3 MeV.
The extragalactic photons contribution, while being the main one below 100 keV,
it quickly loses importance at higher energies.
While the total rate of the events related to the passage through the SAA is
negligible for an equatorial orbit, they must be considered in the estimation of
the background for the 511 keV line observation. The contribution to this line
background from the short-term activation in an equatorial orbit represents a
fifth of the summed contributions of the other components without cool down,
and a tenth after two minutes. At an inclination of 15˝ the short-term SAA
contribution is not only dominant when no cool down is considered, five times
the sum of the other components, but it is still comparable to the total after a
two minutes cool-down time. The long-term activation as well contributes to
the 511 keV line background, similarly to the short-term contribution when
considering a two minutes cool down. For an inclination of 15˝, the long-term
contribution to the background is higher than the sum of all the other com-
ponents in the „ 150 keV to „ 720 keV energy range. The higher inclination
orbits are therefore disfavoured.
The two most prominent lines that appear in the spectra are the 511 keV and
700 keV lines. The 511 keV is created by positrons annihilation. Positrons are
the results of the β` decay of isotopes such as 11C or 15O. The 700 keV line is
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Fig. 18 Spectra of the reconstructed background Compton events for an orbit inclination
of 0˝ (top) or 15˝ (bottom). The total is calculated as the sum of all the component from
the activation except the SAA contribution. The SAA contribution is divided in short-term,
with a 0 s or 120 s cool down, and long-term (SAA 1 yr).
visible in all activation spectra except in the SAA short-term ones. It is mostly
generated by the electron-capture decay of two long-lived isotopes abundantly
created in the CsI(Tl) crystals of the calorimeter: 132Cs and 126I (see Table 2).
The first radioisotope produces nuclear gamma rays of 668 keV at the same
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time as Kα X-rays of 30 keV. The second one produces 666 keV gamma rays
together with 27 keV X-rays.
5 Conclusions
Thanks to the shielding provided by the geomagnetic field, Low Earth Orbits
(LEOs) present the lowest possible background for a gamma-ray space mission.
Satellites on LEO are nonetheless affected by a particle flux which depends on
both the altitude and the inclination of the orbit. This background has been
modeled starting from data of present and past experiments, considering the
possibility of small changes in the orbit altitude and inclination. The model
was later used to estimate the count rate from the decay of isotopes created
by the passage of these particles inside a possible future gamma-ray mission,
e-ASTROGAM (De Angelis et al (2017)), using the tool MEGAlib (Zoglauer
et al (2006)). This event rate was compared to the one from the residual ac-
tivity after a passage through the South Atlantic Anomaly (SAA), and its
cumulative effect after one year. The spectrum of the SAA has been computed
using the AE9/AP9-IRENE (Ginet et al (2013)) model.
The decay of the isotopes created by the primary cosmic-ray protons is found
to be the main contributor of the activation, the rates from alpha particles
being a fourth of that, while the contributions of the neutrons and secondary
protons can be considered negligible. The SAA contribution gains importance
when increasing the inclination of the orbit: from being negligible in nearly
equatorial orbit, it becomes the second contributor for a 10˝ inclination, sur-
passing the event rate from the alpha particles interaction, and the main con-
tributor at 15˝.
While the total event rate might be negligible, the SAA background for the
511 keV line observation must be always taken in consideration. While at low
inclination the short-term contribution to the line becomes quickly negligible,
at high inclination a long cool down is needed for the rates to drop. For a
15˝ inclination, the long-term SAA contribution is also higher than the sum
of all the other components in the 150 to 720 keV energy range, while it is
comparable to the alpha particles contribution for an equatorial orbit.
A lower background and activation rate is found for an altitude of 550 km than
for 600 km, regardless of the inclination. The changes for a 50 km increase in
altitude are small in the case of the general background, but a factor between
two and three in the SAA case.
The best LEO for a gamma-ray mission is therefore found to be a low inclina-
tion (i ă 5) and low altitude (550 km) orbit. Although, it should be considered
that a study on the atmospheric drag at the different altitudes, while impor-
tant in the planning of any LEO mission, is beyond the scope of this paper.
This kind of study might change the preference for a lower altitude orbit but
should not affect the obtained result on its inclination.
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